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In comparison with J/ψ, the excited charmonium state ψ′ is loosely bounded and its yield is
dominantly from the B-hadron decay. Based on the transport approach, we study the double ratio
of N(ψ′)/N(J/ψ) from A+A collisions to that from p+p collisions at LHC energy. We found that the
primordial production in the initial stage and the regeneration in the hot medium are not significant
for ψ′ production in heavy ion collisions at LHC and the double ratio in semi-central and central
collisions is controlled by the B decay.
PACS numbers: 25.75.-q, 12.38.Mh, 24.85.+p
J/ψ is a tightly bound state of charm quarks c and
c¯. Its dissociation temperature T
J/ψ
d in hot medium is
much higher than the critical temperature Tc of the de-
confinement phase transition. Therefore, the observed
J/ψs in relativistic heavy ion collisions carry the in-
formation of the hot medium and have long been con-
sidered as a signature of the new state of matter, the
so-called quark-gluon plasma (QGP) [1]. The experi-
mentally measured J/ψ distributions, such as the nu-
clear modification factor [2–6], the elliptic flow [6, 7],
and the averaged transverse momentum square [2, 8] at
the Relativistic Heavy Ion Collider (RHIC) and Large
Hadron Collider (LHC) show significant nuclear matter
effects.
In comparison with the ground state J/ψ, the ex-
cited state ψ′ has its own advantage in probing the hot
medium. From the Schro¨dinger equation with lattice
simulated heavy quark potential [9, 10] at finite temper-
ature, the dissociation temperature Tψ′d is much lower
than T
J/ψ
d , it is only a little bit above Tc. When the
temperature of the fireball created in heavy ion colli-
sions is above but close to Tc, J/ψ is almost not affected
by the medium, while both the primordially produced
ψ′s in the initial stage and the regenerated [11–13] ψ′s
in the medium are crucially eaten up by the fireball.
This means that ψ′ is more sensitive to the QGP for-
mation. The other advantage of ψ′ production is that
in contrast to J/ψ there is no significant feed down
from heavier charmonium states to ψ′, the production
mechanism becomes more clean.
Recently, the ALICE [6] and CMS [14] collaborations
at LHC measured the double ratio for inclusive ψ′s and
J/ψs,
Nψ′AA/N
J/ψ
AA
Nψ′pp/N
J/ψ
pp
=
Rψ′AA
R
J/ψ
AA
, (1)
where NΨAA and N
Ψ
pp (Ψ = J/ψ, ψ
′) are inclusive Ψ
numbers in Pb+Pb and p+p collisions at colliding en-
ergy
√
sNN = 2.76 TeV, and R
Ψ
AA = N
Ψ
AA/(ncollN
Ψ
pp) is
the inclusive nuclear modification factor with ncoll be-
ing the number of binary collisions determined by nu-
clear geometry. Beyond the expectation of the Debye
screening picture [1] from which the double ratio would
drop down with increasing centrality and almost dis-
appear in central collisions, the observed double ratio
significantly deviates from zero and does not show the
decreasing trend, see Figs.1-4 for different transverse
momentum and rapidity regions. In this work, we fo-
cus on the double ratio and try to explain its surprising
characteristics.
The inclusive Ψ number consists of a prompt and
a non-prompt part, NΨpp = N
Ψ
pp + N
B→Ψ
pp and N
Ψ
AA =
N
Ψ
AA+N
B→Ψ
AA with N
B→Ψ
AA = ncollN
B→Ψ
pp Q, where N
Ψ
pp
and N
Ψ
AA are the prompt Ψ numbers in p+p and A+A
collisions. The non-prompt contribution NB→Ψpp comes
from the B-hadron decay in p+p collisions, and Q is
the quench factor for bottom quarks due to their energy
loss in the QGP which leads to a Ψ number shift from
high momentum to low momentum. We have neglected
here the cold nuclear matter effects [15] on the bottom
quark distribution. Taking into account the B decay
contribution, the inclusive nuclear modification factor
can be separated into two parts,
RΨAA =
R
Ψ
AA + r
Ψ
BQ
1 + rΨB
, (2)
where R
Ψ
AA = N
Ψ
AA/(ncollN
Ψ
pp) stands for the prompt
nuclear modification factor, and rΨB = N
B→Ψ
pp /N
Ψ
pp is
the ratio of non-prompt to prompt Ψ number in p+p
collisions.
The prompt charmonium motion in the QGP can
be controlled by a detailed transport approach [16, 17]
which well describes the J/ψ nuclear modification fac-
tor R
J/ψ
AA [18–20], elliptic flow [21] and averaged trans-
verse momentum [22, 23] at RHIC and LHC. To ex-
tract medium information from the charmonium mo-
tion, both the hot medium and charmonia created
in high energy nuclear collisions must be treated dy-
namically. The charmonium phase space distribution
fΨ(p,x, t) is governed by a Boltzmann-type transport
equation [18],
∂f
Ψ
∂t
+ v · ∇f
Ψ
= −αΨfΨ + βΨ, (3)
where both the initially produced and regenerated char-
monia are taken into account through the initial dis-
tribution fΨ at the medium formation time τ0 and
the gain term βΨ, and all the charmonia suffer from
the gluon dissociation [24, 25] that is described by the
loss term αΨ. The suppression and regeneration are
related to each other through detailed balance. The
cold nuclear matter effects which happen before the hot
2medium formation, including nuclear absorption [26],
Cronin effect [27] and shadowing effect [15], can be con-
tained in the initial distribution. From the D meson
spectra measured at RHIC [28] and LHC [29], charm
quarks seem thermalized in the hot medium. Therefore,
we choose thermalized gluon and charm quark distribu-
tions in the loss and gain terms. The production cross
section of charm quarks in p+p collisions which controls
the degree of regeneration is taken as dσcc¯pp/dy = 0.38
mb [30, 31] in forward rapidity and 0.62 mb [32] in cen-
tral rapidity at LHC energy. The interaction between
the charmonia and the medium depends on the local
temperature T and velocity uµ of the medium which are
characterized by the hydrodynamic equations [33, 34]
and the equation of state [33, 35].
The transport equation (3) can be analytically
solved. With the distribution function fΨ at the
hadronization time of the QGP, one can calculate any
charmonium spectrum and compare with experimental
data (we have neglected here the charmonium interac-
tion with the hadron gas). The calculated double ratio
R
ψ′
AA/R
J/ψ
AA for prompt charmonia as a function of the
number of participant nucleons Np at LHC is shown in
Figs. 1-4 as dashed lines. The fact of lower dissociation
temperature Tψ′d means that ψ
′ suffers more suppres-
sion in the medium in comparison with J/ψ, and there-
fore the prompt double ratio drops down monotonously.
Since the fireball formed in a heavy ion collision is in-
homogeneous, the temperature in the region close to
the surface is lower than Tψ′d even for a central colli-
sion. Therefore, the produced ψ′s are not totally disso-
ciated and the double ratio in central and semi-central
collisions is not zero but a small value around 0.1-0.2.
Since the regenerated charmonia through recombina-
tion of thermalized charm quarks carry low momen-
tum, the contribution to the yield can be neglected in
the high transverse momentum region 6.5 < pt < 30
GeV/c (Fig.1) but becomes important in the low pt
region 0 < pt < 3 GeV/c (Fig.3).
FIG. 1: The double ratio Rψ
′
AA/R
J/ψ
AA as a function of num-
ber of participants Np. The data are from the CMS collab-
oration [14], and the solid and dashed lines are respectively
the transport model calculations with and without consid-
ering the B decay contribution.
The big difference between the dashed lines for
prompt charmonia and the data shown in Figs.1-4 may
come from the non-prompt contribution. The non-
prompt part of the double ratio is controlled by two
parameters, the ratio rΨB of non-prompt to prompt Ψ
and the bottom quark quench factor Q. They can
be extracted from p+p and p+A data or estimated
from physics analysis. Since B-hadrons are easier to
decay into the excited charmonium states than into
the ground state, and the prompt ψ′s are easier to
be dissociated in comparison with the prompt J/ψs,
the B decay contribution for ψ′ is much more impor-
tant than that for J/ψ. Considering the fact that the
charmonia from B decay carry high momentum, the
ratio rΨB should increase with transverse momentum
pt. For J/ψ, the p+p data [36] at
√
sNN = 2.76
TeV show a linear increase of the non-prompt frac-
tion with transverse momentum, N
B→J/ψ
pp /N
J/ψ
pp =
0.04 + 0.023pt/(GeV/c), and the result is not sensi-
tive to the rapidity and the colliding energy. From
the simple relation N
B→J/ψ
pp /N
J/ψ
pp = r
J/ψ
B /(1 + r
J/ψ
B ),
we can easily extract the non-prompt to prompt ratio
r
J/ψ
B . Lack of non-prompt ψ
′ data at
√
sNN = 2.76
TeV, we extract the non-prompt to prompt ratio rψ′B
from the p+p data at
√
sNN = 1.96 TeV [37], assum-
ing that it is not sensitive to the colliding energy. For
the transverse momentum and rapidity regions corre-
sponding to the ALICE and CMS data shown in Figs.1-
4, we take the average ratios (r
J/ψ
B , r
ψ′
B )=(0.27, 0.38)
for 6.5 < pt < 30 GeV/c and |y| < 1.6, (0.16, 0.26)
for 3 < pt < 8 GeV/c and 2.5 < y < 4, (0.1, 0.2) for
0 < pt < 3 GeV/c and 2.5 < y < 4, and (0.17, 0.28) for
3 < pt < 30 GeV/c and 1.6 < y < 2.4.
FIG. 2: The double ratio Rψ
′
AA/R
J/ψ
AA as a function of num-
ber of participants Np. The data are from the ALICE col-
laboration [6], and the solid and dashed lines are respec-
tively the transport model calculations with and without
considering the B decay contribution.
The bottom quark quench factor Q reflects the hot
medium effect in A+A collisions, it shifts the charmonia
from high momentum to low momentum. It is in gen-
eral larger than unit at low pt and smaller than unit at
high pt. For the high pt region 6.5 < pt < 30 GeV/c at
3FIG. 3: The double ratio Rψ
′
AA/R
J/ψ
AA as a function of num-
ber of participants Np. The data are from the ALICE col-
laboration [6], and the solid and dashed lines are respec-
tively the transport model calculations with and without
considering the B decay contribution.
rapidity |y| < 1.6 shown in Fig.1, we extract Q = 0.35
directly from the experimental data [14]. For the other
regions in Figs.2-4, there are no available data and the
model predictions [38–40] are still with sizeable uncer-
tainties. We take Q = 1 for the intermediate pt re-
gions in Figs.2 and 4 and 1.4 for the low pt region in
Fig.3, simply considering the above physics analysis.
These values are within the region of the model calcu-
lations [38–40].
FIG. 4: The double ratio Rψ
′
AA/R
J/ψ
AA as a function of num-
ber of participants Np. The data are from the CMS col-
laboration [14], the two thin dotted lines represent uncer-
tainty from p+p measurement, and the solid and dashed
lines are respectively the transport model calculations with
and without considering the B decay contribution.
The calculated inclusive double ratio Rψ′AA/R
J/ψ
AA as a
function of centrality is shown in Figs.1-4 as solid lines.
Note that from the experimental data [14], the quench
factor Q is almost centrality independent in the region
of 100 <∼ Np. Therefore, the centrality dependence of
the double ratio is controlled by the prompt part R
Ψ
AA.
In the low Np region where the prompt contribution is
remarkable, the inclusive double ratio Rψ′AA/R
J/ψ
AA de-
creases like the prompt one R
ψ′
AA/R
J/ψ
AA . However, in
the intermediate and large Np region where most of
the prompt ψ′s are dissociated in the hot medium, the
centrality dependence of the inclusive double ratio is
characterized only by the J/ψ nuclear modification fac-
tor R
J/ψ
AA . With the continuous decrease of R
J/ψ
AA in
this region, see the experimental data [5, 6, 14] and
our model calculation [19], the double ratio Rψ′AA/R
J/ψ
AA
goes up. The kink at Np ∼ 100 in mid rapidity (Figs.1
and 4) and Np ∼ 180 at forward rapidity (Fig.2) corre-
sponds to the J/ψ dissociation temperature T
J/ψ
d . The
disappearance of the kink in Fig.3 is due to the strong
regeneration in the low pt region. The model calcu-
lations including the B decay contribution agree rea-
sonably well with the ALICE and CMS data shown in
Figs.1-3.
FIG. 5: The yield ratio ψ′/J/ψ as a function of transverse
energy. The data are from the NA50 collaboration [41], and
the line is the transport model calculation without consid-
ering charmonium regeneration and B decay.
While the transverse momentum and rapidity win-
dows in Fig.4 are close to those in Figs.1-3, the in-
clusive double ratio behaves very differently. It is less
than or around unit in Figs.1-3, but much larger than
unit in Fig.4 in the whole centrality region. To see
the possibility to reach such a large double ratio in
our model, we consider the maximum B decay con-
tribution and the minimal hot medium effect for ψ′.
We put all the ψ′s from the B decay into the region
3 < pt < 30 GeV/c of Fig.4 by adjusting the quench
factor Q = 2.3 and take the minimal ψ′ suppression
by letting R
ψ′
AA = R
J/ψ
AA . The obtained double ratio is
still much lower than the current data. For instance,
Rψ′AA/R
J/ψ
AA = 1.3 at Np = 300 can even not reach the
lower limit of the data.
We calculated also the yield ratio ψ′/J/ψ for Pb+Pb
collisions at SPS energy
√
sNN = 17.3 GeV. At such
low energy, there are no B decay and no charmonium re-
generation in the medium. The only hot nuclear matter
4FIG. 6: The double ratio Rψ
′
AA/R
J/ψ
AA as a function of num-
ber of participants Np. In the calculation the charmonium
regeneration is included but the B decay is neglected.
effect on the charmonium production is the suppression.
Fig.5 shows our model calculation based on the trans-
port approach [17] and the NA50 data [41]. Different
from the collisions at RHIC and LHC energy where the
nuclear absorption in the initial stage can be neglected
in comparison with the strong hot nuclear matter ef-
fect, the absorption at SPS energy is important [16].
In our calculation we take the nuclear absorption cross
section as σabs = 4.3, 4.3, 7.9 mb [41] for J/ψ, χc and
ψ′, respectively. The transport approach describes the
double ratio very well.
The good agreement of the model calculation with
the data at SPS energy is not enough to support the
background of the calculation at LHC, since the char-
monium regeneration inside the QGP may play an
important role in the double ratio. To this end we
calculate the charmonium distributions at RHIC en-
ergy where the charmonium regeneration becomes im-
portant [11–13, 18] but the B decay contribution is
still small. From our previous calculations on J/ψ,
the model describes very well the nuclear modifica-
tion factors RAA(Np) and RAA(pt) [17, 20], the ellip-
tic flow [21, 23], and the averaged transverse momen-
tum [22]. The calculated double ratio at RHIC energy
is shown in Fig.6. At the moment there are no ψ′ data
at RHIC. From the comparison of the calculation at
LHC including B decay with the calculations at SPS
and RHIC without B decay, a significant difference is
the increasing double ratio in semi-central and central
collisions at LHC due to the B decay contribution.
The particle transverse motion is more sensitive to
the dynamics of the collision system. From the recent
theoretical [19, 20] and experimental [2, 8] studies, the
J/ψ transverse momentum distributions at SPS, RHIC
and LHC behave very differently. To further see the
difference between the J/ψ and ψ′ production mecha-
nisms, we calculate the averaged transverse momentum
square
〈p2t 〉ΨAA = 〈p2t 〉ΨAA
N
Ψ
AA
NΨAA
+ 〈p2t 〉B→ΨAA
NB→ΨAA
NΨAA
, (4)
where 〈p2t 〉ΨAA and 〈p2t 〉B→ΨAA are the averaged transverse
momentum square of prompt and non-prompt Ψs. The
ratio
rΨAA =
〈p2t 〉ΨAA
〈p2t 〉Ψpp
(5)
for Ψ = J/ψ and ψ′ and the comparison with the J/ψ
data [8] in Pb+Pb collisions at forward rapidity and col-
liding energy
√
sNN = 2.76 TeV are shown in Fig.7. For
J/ψ, the B decay contribution in A+A collisions can
be neglected and the ratio is controlled by the prompt
part, r
J/ψ
AA ≃ 〈p2t 〉J/ψAA /〈p2t 〉J/ψpp . It increases in the be-
ginning due to the Cronin effect [27] and then drops
down all the way due to the more and more impor-
tant regeneration which happens in the low pt region.
The model calculation agrees reasonably well with the
data. For ψ′, the prompt part in A+A collisions is
eaten up by the medium and the ratio is characterized
by the B decay, rψ
′
AA ≃ 〈p2t 〉B→ψ
′
AA /〈p2t 〉ψ
′
pp. In this case
the nuclear matter effect comes purely from the quench
factor Q. Since Q does not depend on the centrality
for semi-central and central collisions [14], the ratio be-
comes almost a constant in a wide region of Np. From
〈p2t 〉B→ψ
′
AA (Q) ≤ 〈p2t 〉B→ψ
′
AA (Q = 1) = 〈p2t 〉B→ψ
′
pp due to
the quench effect, we have rψ
′
AA ≤ 〈p2t 〉B→ψ
′
pp /〈p2t 〉ψ
′
pp > 1.
The up limit of the ratio at Q = 1 means a full per-
turbative QCD calculation for the B decay process in
A+A collisions.
FIG. 7: The ratio rAA = 〈p
2
t 〉AA/〈p
2
t 〉pp as a function of
number of participants Np for J/ψ and ψ
′. The J/ψ data
are from [8], and the solid and dashed lines are the transport
model calculations with and without considering bottom
quark quench in hot medium.
In summary, we calculated the double ratio
(Nψ′AA/N
J/ψ
AA )/(N
ψ′
pp/N
J/ψ
pp ) for inclusive charmonia in
heavy ion collisions at LHC energy. After experienc-
ing the hot medium created in the early stage of the
collisions, a part of the promptly produced J/ψs still
survive and dominate the final state J/ψ distributions,
but most of the prompt ψ′s are dissociated in the hot
medium, and the finally observed ψ′s are mainly from
the B-hadron decay. Therefore, the double ratio in
5semi-central and central heavy ion collisions is con-
trolled by the B decay. Our transport approach cal-
culations agree reasonably well with the LHC data in
most transverse momentum and rapidity regions, but
fail to explain the data in the region of 3 < pt < 30
GeV/c and 1.6 < y < 2.4. The big difference between
the theory and the data and the large uncertainty in
the data need further theoretical study and precise ex-
perimental measurement.
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